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The first part of this research project focuses on the 
measured effects of sheep t~ampling on a pastured surface soil 
under varying moisture levels. The results of changes in bulk 
density, bearing capacity and moisture retention capacity are used 
to formulate a 'drainage criterion' for the Otokia silt loam. 
This proposes a minimum depth to water table of 40 em. Trampling 
at this level marks theachievereentof a surface soil stability 
index. Both bulk density and bearing capacity values reach a 
maximum at ~his level and remain unchanged even when trampled at 
greater depths to the water table. 
Sheep trampling effects on a convex/concave hillslope sequence 
are also measured. Water table surveys show that in winter the 
lower concave slope segments are permanently wet. Surface soil · 
bearing capacities are correspondingly low. The upper convex slope 
segments are generally drier and mechanically more stable than their 
lower counterparts. Despite this however, significant variations 
in both depths to water tables and surface bearing capacities are 
a feature of these slopes. It is therefore concluded that all 
yellow/grey fragipan. soils are likely to benefit from artificial 
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THE TRAMPLING EFFECTS OF THE GRAZING ANIMAL 
1.1 Introduction 
This investigation sets out to establish a case and formulate 
a criterion for the artificial draining of a do'l.'mland fragipan soil 
that is subjected to winter/spring grazing. The choice of this as a 
topic for research has been stimulated by a number of factors: 
1.2 
(i) very few studies have considered the drainage needs 
of sloping pasturelands. Most have focused on the 
drainage problems of the 'classic flat wetlands' where 
variations in the soil water regime are generally 
insignificant; 
(ii) although the soil under study is recognised as a sub-
hygrous yellow grey earth, its hydrological classification 
had at the time of this study's commencement not been 
empirically substantiated; 
(iii) drainage criteria are numerous and varied in both design 
and purpose. They- are formulated and developed to satisfy 
the objectives and needs of specific rather than general 
problem situa-tions. In this respect, an evaluation of 
sheep trampling effects at varied but specific soil water 
constants is not recorded in the literature. 
Previous lvork - Animal Trampling 
Pastoral farming in New Zealand is based on a year-round grazing 
programme. It is generally conceded .that this type of stock manage-
2. 
ment inevitably results in some degree of pasture spoilage irrespec-
tive of soil type, soil water status, pasture species or grazing 
animal (Brown and Evans, 1973, p.225). The degree of pasture 
spoilage is known to vary both geographically and seasonally. How-
ever, objective criteria that define the nature and degree of such 
spoilage are difficult to find in the literature. 
Approaches to the study of animal trampling have traditionally 
been identified with one of two schools; one has focused its attention 
on pasture response, the other on changes to the physical status of 
the soil. Recent studies continue to feature these aspects although 
approaches tend to be more integrated and systematic than earlier 
investigations. Reflecting such an approach are the studies of 
Edmond who contended that 
An animal does not merely apply physical stress 
to the surface soil - it also defoliates and 
excretes upon both pasture and soil ••. 
(Brown and Evans 1973, p.217) 
L 
Such perspectives seen in relation to the animal trampling 
effects have been slow to evolve. __, Studies in the first half of 
this century tended to concentrate almost exclusively on the dele-
terious compaction effects on surface soils (Auten 1933, Chandler 
1940, Alderfer and Robinson 1947). Extensive research during the 
'50s and '60s continued to emphasise these effects. Heinonen and 
Pukkala (1954) showed that th~ greatest ~ompaction occurred where 
soils had been previously puddled. Other researchers commented 
further on the adverse effects that resulted from changes in the 
pore-size distribution. In this respect Tanner and Mamaril (1957) 
observed significant reductions in air capacities and diffusion 
indices. This lent support to the findings of several earlier 
3. 
studies by Alderfer and Robinson (op. cit.), Steinbrenner (1951), 
Trimble et al. (1951), Packer (1953) and Peel (1955). All reported --
significant reductions in infiltration capacities which were shown 
to adversely affect soil water storage opportunities. Packer (1953) 
also claimed that incr~ases in surface erosion could be directly 
attributed to reduced infiltration capacities. 
Gradwell (1966) confirmed that storage capacities for plant-
available water were significantly reduced by trampling compaction. 
He went so far as to suggest that declines in pasture yields could 
be accounted for by changes in the soil pore size distribution. 
Larson and Allmaras (1971) observed that many puddled soils developed 
a platy structure. Upon dehydration such soils exhibited significant 
shrinkage. They argued that this explained the observed high bulk 
densities d~d reduced soil water storage capacities. This inter-
pretation supports Edmond (1958) who had recognised three possible 
trampling effects; trampling compaction, trampling puddle, and 
shrinkage compaction. He claimed that trampling compaction in it-
self did not adversely affect the soil/pasture environment, but 
alleged that serious damage was caused by puddling and shrinkage 
compaction. 
Definitions and descriptions of the trampling effect vary con-
siderably. Gradwell (1956, p.37) recognised "true puddling with-
out compaction - soils kneaded and stirred to a paste under wet 
conditions ... ". Wind and Schot:horst (1964, p.575) referred to 
the mechanical failure of surface soils seen initially as holes or 
hoof prints. Where trampling continued at, or near, saturation 
" a kind of puddle resulted " Gleeson (1964, p.l05) also 
referred to soils of lo~ mechanical strength. Such soils became 
n 'pugged' when excessively trampled ... ". The term 'poached' 
,... 
4. 
was used where the focus was on soiled pastures rather than the soil 
itself. Earlier, Scott (1962, p.l21) had clearly distinguished 
between pugged and puddled soils. The first was a general term 
that denoted hoof print impact. The latter referred to a soil con-
dition that resulted fpom excessive trampling on saturated soils. 
He describedpuddle as" ••• a surface slurry· .•. ". Scott also 
recognised 'trampling compa9tion' as a distinct effect. Others 
have been less discerning; Lull (1959, p.ll) referred to" ... serious 
trampling compaction ... " while describing" ... pug holes in satur-
ated soils .•• ". Others have inferred a general type of trampling 
damage by merely referring to pasture soils as being 'trampled' or 
'grazed' (Thomas 1960, Thompson 1968). 
The identification of soils tha.t are susceptible to trampling 
damage dep~nds upon a recognition of critical control factors. In 
this respect the amount of soil water is paramount. The literature 
?haws that various criteria and methods have been used to define 
soil water constants in situ. Scott (1962) inferred variations of 
surface soil moisture status by observing subsurface mole and tile 
discharge. On this basis he was able to deduce both saturation and 
the moisture equivalent. Gradwell (1960) employed 'weather day" 
indices to describe soil conditions as being either dry, wetting or 








less than field capacity 
free water drained for 12-24 hours (field 
capacity) 
free surface water present 
t-Jind and Schothorst (1964) claimed to be able to recognise varying 
degrees of saturation. They used depth to ground water table 
'· 
5. 
observations as measures of surface soil water suction. 
Apart from a general consensus that saturation is likely to 
render a soil vulnerable to trampling damage, there is no universal 
defini-tion of 'excess soil water'. References to surface or near 
surface water tables are the most commonly cited associations with 
damaged surface soils. Sieben (1964) observed a structural deter-
ioration of the surface soil even where high water table levels 
persisted for only short periods of time. Trafford (1973) demon-
strated that surface bearing capacities declined with increased 
water table levels. He commented on a visual deterioration of 
soils trfu~pled at high water table levels. Similar observations 
had earlier been reported by Wind and Schothorst {1964) • 
There is also evidence to suggest that the recognition and sub-
sequent management of 'excess' soil water, can lead to significant 
reduct-ions in the severity of damage that may result from the 
trampling effects of grazing animals. Fausey and Schwab (1969) 
reported that the removal of free surface water through subsurface 
drainage permitted earlier traffickability. Steinhardt et al. 
(1972) claimed that the lowering of water table levels to a mere 
10 em below ground surface was sufficient to justify access to foot 
traffic. The most extensive studies on soil water management and 
animal trampling have come from studies conducted by Schothorst (1963) 
and Wind and Schothorst (1964) . They demonstrated a significant 
reduction in surface pug holes on pastures grazed by cattle where 
surface bearing capacities exceeded a threshold of 7 .kg/cm
2
• They 
further demonstrated that s~ch stability could be achieved by lower-
ing water table levels to stipulated depths below ground surface. 
Not all researchers have confined their definition of 'excess 
6. 
soil water' to the saturation regime. Burke et al. (1964) refer 
to problems encountered at field capacity, particularly where 
associated with fine-textured clay soils. Vulnerability to trampling 
damage at such soil water levels was similarly experienced by 
t- Schothorst (1963) on organic-rich soils. _Such 'wet' soils present 
even greater management problems. They are frequently non-drain-
able - hence solutions to the problems of trampling damage need to 
be sought elsewhere. Schothorst (ibid) considered artificial modi-
fications to surface soil textures as possible counter-measures. 
\\Tind and Schothorst (1964) even considered providing flat shoes for 




PURPOSE OF THE STUDY 
2.1 Research Objectives 
This research project falls into ·two parts. The first part 
sets out to measure and evaluate the effects of sheep trampling on 
the Otokia silt loam. Research will be conducted during the winter/ 
spring period. It is anticipated that-the results will provide a 
definition of 'excess' soil water and consequently the basis for a 
'drainage criterion' in terms of a water coefficient above which 
trampling effects can be deemed acceptable. 
to be measured and evaluated include: 
Specific properties 
(i) surface and subsurface water tables 
(ii) surface soil bearing capacities 
(iii) surface soil dry bulk densities 
(iv) surface soil water retention capacities 
The second part of this research project sets out to assess the 
response of the Otokia silt loam to sheep trampling effects in a 
hillslope setting. Specifically, it seeks to: 
(i) establish the presence of a hillslope drainage sequence; 
(ii) assess whether the phases of such a drainage sequence 
correspond to similar phases of varied trampling re-
sponse- hence a 'trampling sequence'; 
(iii} establish a case. for artificial subsurface drainage. 
Within this hill slope context, a c·ase for partial slope drainage will 
also be considered. Trampling effects will here be assessed in 
'! 
8. 
terms of changes in surface soil bearing capacities. 
2.2 Justification of Methods 
The use of bearing capacity, dry bulk density and soil water 
retention capacity as suitable measurements of trampling response 
have been preferred fo~ a variety of reasons: 
~.>- (i) from a sampling viewpoint, all measurements can be readily 
and speedily obt.ained; 
> ~ 
(ii) for each, there are well established sampling procedures 
_:, 
and techniques; 
(iii) surface soil bearing capacity as determined by penetration 
resistance is considered to be a useful measure of soil 
strength in situ - provided soils are not dry (Freitag 
1971, p. 72); 
"p. 
(iv) when the~ stress imposed by a trampling animal exceeds the 
soil bearing capacity, mechanical soil failure results. 
Such failure is usually accompanied by some adjustment to 
the soil fabric. Changes in density are often accepted 
as one of these adjustments - particularly where soils are 
not wet. Under total saturation adjustments to the soil 
fabric may simply result in changes to the soil pore-size 
ratio - without any apparent changes in soil densi.ty. 
For density changes to occur under these conditions, free 
water would need to be expelled from the soil. This does 
not happen in the course of the trampling action on 
saturated soils (Wind and Schothorst 1964, p.575). The 
monitoring of changes in the pore-siz.e ratio, therefore~ 
_provides a necessary complement to soil density measure-
ments while· also providing useful information with respect 
)-
9. 
to changes in soil water retention capa,cities. 
All sheep trampling effects are correlated to depths to water 
table levels. The choice of this measure as the overriding soil 
moisture control is favoured by two factors: 
(i) it is easily and quickly measured; 
(ii) specific depth to water table values can be direqtly 
translated into surface soil moisture suction values. 
Within a trampling context the latter is of utmost significance. 
For the assumption to hold true however, specific conditions have 
to be met: 
(i) water tables must be less than 100 em below 
ground surface ( ~ surface field capacity) ; 
(ii) soil permeability should be sufficiently great to allow 
(iii) 
profile moisture distribution above fluctuating water 
tables to readily assume steady state; 
the achievement of a steady state soil-water profile 
is further enhanced when both evaporation and trans-
piration are negligible - hence the restriction of these 
trampling experiments to the winter/early spring. 
The assumption that surface tension values equated \·lith depths to the 
water table was experimentally confirmed in the laboratory. Water 
tables were artificially adjusted in 10 em increments ranging from 
0 - 70 em. Twelve hour intervals between water table adjustments 
were allowed for. Tensiometer readings at the surface always shared 
identical values with the depth to water table readings. 
10 • 
. 2. 3 Site Description - General 
The study site forms part of a 4 ha paddock located about 25 km 
west of Dunedin City (map reference N.Z.M.S.l., 5163, G.R.968672-
Figure 2.1). Topographically it is a convex/concave downland slope 
,_ 
sequence that features distinct crest, back and toe-slope segments 
(Plate 1) . 
0 
Slopes reach a maximum of about 14 at the base of 
the crest. All slope? have ·an east/north-easterly aspect. 
The soil type is Otokia silt loam (Tokomairiro set). It is a 
loess-derived yellow grey earth. The most prominent diagnostic 
feature is a dense, semi-indurated fragipan located about 50 em below 
ground surface (Plate 2) . The impermeable nature of this pan contri-
butes to a soil water regime that is characterised·by seasonal extremes. 
Winter saturation alternates with summer wilting point conditions 
... 
(Leslie 1980; Watt 1977) - hence its classification as a sub-
hygrous yellow grey earth. 
>-. 
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Plate 2 Otokia silt loam 

CHAPTER 3 
RESEARCH METHODS - TIIE DRAINAGE CRITERION 
3.1 Experimental Design 
3.1.1 Site Location 
Treading experiments were conducted on the lower toe-
slope segment of the hillslope sequence (Plot 4A) shown in Figure 
2.1. A 250 m
2 
site was fenced off from late March in both 1974 
and 1975. The exclusion of stock at this time had a twofold purpose: 
(i) to provide for a recovery period following any possible 
late summer trampling effects; 
(ii) to prevent any further uncontrolled trampling before 
the experimental trials 
August/September. 
planned to commence in 
The selection of the t.oe-slope as the most sui table site for 
these experimepts was supported by the findings of a pilot survey 
conducted in the winter of 1973. This sought to locate an experi-
mental site with persistently high water table levels. Water 
table observation tubes were inserted downslope adjacent to each 
site peg. Water table levels were measured on alternate days 
throughout June and July - these proved to be two abnormally wet 
months. 
An examination of the resulting water table data cor:-firmed f.ielc.l 
evidence of the presence of a distinctive downslope water table 
profile. Crest, back and toe-slope segments were delineated on the 
12. 
basis of changes in slope trend (Figure 3.1). Water table data \vere 
stratified-accordingly. 
Stratified sample means are plotted in Figure 3.2. These show 
that ~espective water table levels differed considerably. Apart 
from a major recession in early July, mean water table levels in the 
toe-slope segment rarely dropped belm~--~--cm. 
~--..-~r--
As in both the crest G~) ~- ·~ ;j';. 
~:_.,...! ~ 
and back-slope segments,within-strata variation of water table levels 
was considerable. However, spatial variation within the lower seg-
_, 
ment was more predictable. Depths to water table progressively 
decreased towards the base of the hillslope - indeed the levels of 
some observation wells barely receded below ground surface for the 
-; 
entire sampling period. 
For the main trampling experiments of 1974 and 1975 a water 
table observation network was installed in the toe-slope segment 
:-- (Figure 3 .1) .. Observation tubes were inserted in the autumn (late 
March 1974) so that they would be firmly set in place by the winter. 
Rigid 3 ~J diameter, laterally perforated P.V.C. tubes were installed 
in a 5 metre square grid, each to a depth of approximately one metre. 
To ensure the free movement of water between surrounding soil and 
tube, each tube rested on a coarse sand substrate. The grid net-
,.._. work provided for a general surveillance of subsurface water table 
behaviour. It was considered that the fifty or so observation wells 
would provide sufficient 'control tubes' to cope with the trampling 
experiments for each season. 
3.1.2 Trampling Experiments 
Sheep trampling experiments were conducted oyer the 
two year period 1974-75. The first winter/spring period was used to 
devise and fashion an experimental procedure capable of replication. 
•f' -1 lr "7 7 
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This pilot study was also used to define a minimum sample size for 
the various soil properties to be measured and assessed. In the 
I' 
1974 season five trampling trials were conducted with water tables 
ranging from 0 - 40 em. The trampling was accomplished by confining 
2 
a Southdown/Romney wether hogget (~ 55 kg) within a 3.5 m cage for 
a period of 24 hours (Plate 3(i)). Cage placement was pre-determined 
by checking water table levels in the observation network. A 
protruding observation well was generally located within the cage • 
.. ~"' 
To ensure lateral uniformity of subsurface water table levels, 
additional observation wells were installed for the duration of 
each trial. These unlined wells were inserted along the flanks of 
the wire cage at approximately 30 em intervals. Individual trials 
were not commenced until at least 48 hours after any significant 
precipitati.52n. 
3.1.3 Measurements 
3.1.3.1 Bearing Capacities 
An oil-pressured cone penetrometer was used to 
measure the bearing capacity of the upper 6 em of the surface soil. 
A mean penetration rate of 1.5 em/sec was used. Measurement sites 
were selected randomly from both the control and trampled treatments. 
The results of the 1974 trials were used to determine minimum sample 
sizes. These are presen·ted in Table 3 .1. Sampling in 1975 always 
ensured a larger sample than those prescribed in Table 3.1. 
3.1.3.2 Dry Bulk Densities 
Randomly selected cores from the upper 6 em of 
the soil were obtained from.both control and trampled treatments. 
3 
A soil core-ex-t-ractor with a volume of 136.36 em was used. Sample 
Plate 3 Sheep trampling effects on the Otokia silt loam at varying 
water table levels: 
(i) Trampling experiment (ii) 0 em water table 
(iii) 10 em water table (iv) 20 em water table 




TABLE 3.1 Sample size requirements - sheep trampling versus depth to water table. 
Surface bearing capacities 
Depth to Treatment Sampling Number of Mean bearing Standard 
water table date observations capacity (kg/cm2) deviation 
{em) 
0 control 9.8.74 44 2.34 0.7048 
trampled* 
10 cpntrol 17.8.74 55 2.59 0.745 
trampled* 
20 control 7.9.74 75 2.80 o. 777 
trampled 7.9.74 76 2.30 0.707 
30 control 11.9.74 81 3.29 0.876 
' 
trampled 11. 9. 74 82 4.20 1. 087 
* data missing 
** calculation included a maximum permissible sampling error 
2 














size requirements as.computed from the 1974 pilot studies are set out 
in Table 3.2. 
3.1.3.3 Soil Water Retention Capacities 
This is defined as the volume percent of water 
retained by the soil at 100 em suction. A pressure plate apparatus 
was used to determine this soil water coefficient. The bulk density 
sampler was used to extract soil cores at random from the surface 
6 em of each treatment. Individual cores were subsequently trimmed 
to a volume of 68.3 cm
3
. Trampled treatments were sampled in tri-
plicate while at least one control core was also included. For 
technical reasons it wa~ not possible to conduct a preliminary 
survey of this soil property - the pressure plate apparatus only 
became available in 1975. 
3.1.3.4 Depth to Water Tables 
These were measured by inserting a graduated 
plastic tube into individual observation wells. Water table levels 
could be ascertained by gently blowing into the tube until it was 
evident that. the tip of the inserted tube made contact with the 
water table. 
3.2 Data Analysis and Results 
All analyses of data were undertaken on the Burroughs B6700 
computer at the Otago University Computer Centre. All programming 
was in Algol. Use was made of the software package 'Ted.dybear" 
(Wilson 1977) for the analyses of variance, Duncan's new multiple 
range tests and the regression analyses. 
Sample size determinations were manually computed by the method 
outlined in Krumbein and Graybill (19.65) . A 95% confidence limit 
'I 
TABLE 3.2 Sample size requirements - sheep trampling versus depth to water table. 
Dry bulk density 
tDepth to Treatment Sampling Number of ,. Mean bulk Standard Required sample 
water table date observations density (g/cm3} deviation size ** 
{em) 
0 control 9.8.74 10 t 0.744 0.032 3 
trampled 9.8.74 10 0.598 0.018 1 
. 10 control 17.8.74 4 0,720 0.028 2 
trampled 17.8.74 3 0,730 0,021 2 
20 control 7.9.74 12 0.740 0.045 5 
trampled 7.9.74 10 0.810 0,049 6 
30 control 11.9.74 9 0.755 0.050 6 
trampled 11.9.74 10 0.840 0.029 2 
35 control 12.9.74 12 o. 770 0.047 6 
trampled 12.9.74 '" 0.882 0.033 3 J.U 
** calculations include a maximum permissible sampling error = 0.05 g/cm3 ..... 
0"1 
17. 
was adhered to for all sample size determinations. Specific limits 
for permissible sampling errors are included in the appropriate sample 
size requirement tables. 
3.2.1 Bearing Capacities 
Table 3.3 shows that surface soil bearing capacities of 
the control treatments vary with changes in the surface moisture 
status. 
2 
They range from 2.31 kg/em at total saturation ( 0 em 
2 
water table level) to 3.67 kg/em at the 40 em level. The signifi-
cance of these differences is confirmed by the analysis of variance 
statistics presented in Table 3.4. The null hypothesis claiming 
stratum means to be equal is rejected (p = 0.01). The linear 
correlation between soil moisture and bearing capacity though signifi-
cant (p = 0.05) is not high (r2 = 0.46). This could suggest a non-
linear relationship or that factors other than soil moisture explain 
some of the variations in surface bearing capacities. 
The bearing capacities of trampled soils exhibit an even more 
sensitive response to changes in soil moisture. This is depicted 
by a more steeply inclined regression line in Figure 3.4. Statis-
tical tests confirm that differences in both slopes and intercepts 
between the two regressions are significant (p = 0.01). The result 
is one of greater extremes. At total saturation treading results 
in a puddle that has virtually no bearing strength - the penetrometer 
failed to register a significa~t reading. This loss in strength 
is less as water tables decline. The magnitude of bearing capacity 
loss declines for surfaces trampled at lower water table levels. 
Indeed, from the 30 em water table level the trend is reversed. 
Trampling induces a progressive increase in bearing capacity. This 
2 
reaches a maximum measured value of 4·.0 kg/em at the 40 em water 
I· ,. 
TABLE 3.3 Surface bearing capacity and moisture status. Control versus Trampled' 
























* Soil fabric too weak for a penetration reading 
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TABLE 3.4 Surface bearing capacity and moisture status- Control. 


























P = Probability of obtaining an eq~al or greater F-statistic when the null 






































Surface bearing capacity and moisture status. 
Regression analyses - Control and Trampled 
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10 20 
Control 0-40 em 
Trampled 0-50 em 
Trampled 0-40 em 
30 

















table level. The significance of these variations in bearing capacity 
is confirmed by the analysis of variance (Table 3.5). The null hypo-
thesis is rejected (p = 0.01). The Duncan's new multiple range test 
howeve~ (Table 3.6) reveals that there is no significant difference 
between mean bearing capacities of soils trampled when the wate~ table 
is at 40 and 50 em. This explains the reduced correlation coefficient 
(r
2 
= 0.80) for the 0 - 50 em regression (Figure 3.4) compared to the 
2 
0 - 40 em one (r = 0.85). It would seem apparent that any lowering 
of the water table beyond 40 em results in negligible changes to 
surface bearing capacities. However, an inability to monitor trampling 
experiments at water tables deeper than 50 em makes it difficult to 
fully substantiate this claim - water tables fluctuated too greatly 
over a 24 hour period. 
3.2.2 Dry Bulk Densities 
Sample means for the control treatments appear to vary 
considerably. from one water table level to another (Table 3.7). Despite 
this, the null hypothesis F-test is accepted (Table 3.8). There is 
no evidence to suggest that any significant volume changes occur over 
the given moisture range. 
3 
A mean value of 0.774 g/cm is therefore 
considered representative of all control treatments. 
In contrast, trampling effects on surface soil density are highly 
varied. These are also shown in Table 3.7 and may be summarised 
as follows: 
(i) density changes occur on all treatment levels 
(ii) a maximum loss in density occurs at surface saturation 
(Hith reference to control "' 30%) 
·(iii) trampling during the 40 em and 50 em water table levels 








Surface bearing capacity and moisture status- Trampled. 












within sample 85.37 441 0.194 





P = Probability of obtaining an equal or greater F-statistic when the null 
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TABLE 3.7 Dry bulk density and moisture status. 
~· 
Depth to water Control 
table (ern) 
Sample mean Standard error 
(g/crn3) of sample mean 
• 
0 0.744 0.014 
10 0.720 0.016 
20 0.755 0.012 
25 - -
30 0.7 0.013 
40 0.741 0.013 
50 - -
.. i , ./. 
:> '• : 
Control versus Trampled 
Trampled 
Sample mean Standard error 
















Dry bulk density and moisture status- Control. 








0.1271 4 0.0032 1. 7os· 
within sample 0.0875 47 0.0019 





P = Probability of obtaining an equal or greater F-statistic when the null 




In the analysis of variance (Table 3.9) the null hypothesis is 
rejected. ·Densities of soils trampled at the 40 em and 50 em water 
table level do not however, differ at all (p = 0.01 (Table 3.10)). 
Tbe overall pattern of trampling effects on soil density is 
consistent with that observed for bearing capacities - respect:iye 
declines in values at high water table levels and corresponding 
increases with declining water tables. The regressions in Figure 3.5 
demonstrate this graphically. The 0 - 40 em regression has a higher 
correlation coefficient (r
2 
= 0.96) than the 0 - 50 em one Cr
2 
= 0.92). 
3.2.3 Soil Water Retention Capacities 
Surface water retention capacities from all water table 
levels of the control treatments exhibit little variation (Table 3.11). 
The analysis of variance confirms this observation (Table 3.12). In 
contrast, trampling during the various water table levels effected a 
number of significant changes: 
(i) retention capacities are significantly altered at all 
water table levels (Tables 3.11 - 3.14) 
(ii) at saturation (water table level with ground surface) 
trampling effects a significant reduction in water 
retained (p = 0.01) 
(iii) at all other levels, water retention capacitites are 
significantly incr~ased (p = 0.01) 
(iv) Duncan's new multiple :r'ange test (Table 3 .14) suggests 
that increased retention capacities between 10 and 40 em 
water table levels are of about the same order c~ 5%) • 








Dry bulk density and moisture status - Trampled. 





















P = Probability of obtaining an equal or greater F-statistic when the null 
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Dry bulk density and moisture status . 
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Sheep trampling effects. Surface density and moisture status. 
Regression analyses - Trampled 
--~ .... -~X--- .......... __ ......... _ ... ---x--- .... ----- ___ -t-
plotted sample means - trampled 
0-40 em regression - trampled 
0-50 em regression - trampled 
x- - - - - - - - - - -x plotted sample means - control 
10 20 30 40 50 
Depth to water table (em) 
y ., _t 
TABLE 3.11 Surface water retention capacities. 
Control 
Depth to water 
table (em) Mean volume 9.; Standard error 
water content @ of sample mean 
100 em suction 
0 39.57 1.45 
10 44.05 1.15 
20 40.40 0.70 
30 42.75 0.45 
40 40.75 0.75 
r 
~ 
Control versus Trampled 
Trampled 
Mean volume % Standard error 
water content @ of sample mean 
















Surface water retention capacities ... Control treatment • 
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P - Probability of obtaining an equal or greater F-statistic when the null 












Surface water retention capacities- Trampled treatment. 




















P = Probability of obtaining an equal or greater F-statistic when the null 
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Surface water retention capacities. 
Duncan's new multiple range test - Control and Trampled 
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3.3 The Drainage Criterion 
The task of defining a drainage criterion for this soil within 
a sheep grazing context is relatively simple. Figure 3.6 shows 
this to be a minimum depth to water table of 40 em below ground 
surface. When trampled this corresponds to a co¥lpac·ted surface 
soil where the bearing capacity has reached 4 kg/cm
2
. As both 
trampled density and bearing capacity are unchanged a·t the 50 em 
water table depth a stability index of 4 kg/cm
2 
is assumed. This 
index represents an equilibrium between the mechan~cal stresses 
imposed by a trampling sheep and the resistance expressed through 
the bearing capacity of the surface soil. 
Apart from generating surface soil stability, trampling at 
the 40 em water table depth also induces an increase in surface 
moisture retention capacity (Table 3.11). This further supports 
the desirability of a 40 em drainage criterion. 
The effects of sheep trampling at water tables less than 40 em 
below ground surface are also summarised in Figure 3.6. When trampled 
at total saturation (0 em water table level) a highly dispersed puddle 
results (Plate 3(ii)). This features both a loss in density and 
bearing capacity. As water table levels drop, losses in both density 
and bearing capacity become progressively less. Indeed from about 
the 10 em water table level, increasing compaction (> bulk density) 
takes place. Bearing capacities however, do not begin to show an 
increase over control values until the 25 em water table is reached. 
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A HILLSLOPE TRAMPLING SEQUENCE 
4.1 Introduction 
The concept of a 'trampling sequence' is considered an extension 
of the drainage sequence concept. This recognises the presence of 
spatially separated but readily defined moisture regimes, usually 
in association with characteristic topographic/pedologic features. 
Commonly cited is the convex/concave hillslope association where 
soil !l'oisture regimes corresponding to crest, back and toe-slope 
segments ha~e long been recognised. Such moisture regimes are 
recognised as drainage or water table phases (Taylor and Pohlen 
1970: p.l37). 
Chapter 3 has focused on the consequences of· trampling as re-
fleeted by various soil parameters with changes in the depth to water 
tables. It is here proposed that the phases of a given drainage 
sequence will also identify with phases of varied surface bearing 
strength. The susceptibility of the slope to the effects of sheep 
trampling would vary accordingly. 
This following research investigation was designed to establish 
the existence of such an association for the Otokia silt loam. It 
also assesses the applicability of the 'drainage criterion' formulated 
in Chapter 3 insofar as it might contribute to a model for the artifi-
cial drainage needs of a hi~lslope sequence on this soil type. 
34. 
4.2 Site Selection and Design 
The adjacent, northwesterly extension of the convex/concave 
hillslope sequence briefly described in Section 3.1.1 was used 
for these investigations. Reference to Figure 4.1 shows that 
variation in slope parallel to the main ridge was minimal. This 
was a deliberate consideration in site selection. The site was 
surveyed and mapped (Department of Surveying, University of Otago) 
at a scale of 1:500 and a contour interval of 0.5 m. Six plots 
of approximately equal size were apportioned across the slope. Along 
the downslope median line of each plot slope angles were measured at 
5 m intervals. These points were pegged and numbered to provide 
site references. For each plot, slope angles were graphed to deter-
, mine the boundaries between slope segments as defined in Section 3.1.1 
(Figure 3.1). The resulting crest, back and toe-slope segments are 
shown in Figure 4.1. 
Subsurface mole and tile drainage was installed in three of 
these plots (1, 2, and 3) between November - March 1972. Moles 
were drawn at 1.5 m spacing nearly parallel to the topographic con-
tour. A depth of 0.5 m ensured their location in the illuvial B2g 
soil horizon. 
of one metre. 
Downslope collector drains were excavated to a depth 
Topsoil provided the necessary bedding for the 10 em 
perforated P.V.C. "novaflow" collector pipes. Mole ~unctions were 
cleared and bridged with boxwood so that the likelihood of blockages 
from refill could be avoided. · The collector pipe was connected to 
an open drain at the base of the hillslope sequence (Figure 4.1). 
The initial six experimental plots - three drained and three 
undrained were ultimately reduced.to two- one for each treatment. 
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1972 revealed several unsatisfactory aspects of this design. In 
the event only Plots 1 and lA were retained for the main experiments, 
the other plots being rejected for a variety of reasons: 
(i) it became increasingly apparent that some of the effects of 
r, 
successive winter feeding pads located in the crests of Plots 
3 and 3A were quite permanent and out of characi:er with 
adjacent plots •. Exceedingly high surface dry bulk densities 
(> 1.45 g/cm
3
) and localised concentrations of cattle dung 
were distinguishing features. 
(ii) seepage water that apparently accumulated in Plot 3A from an 
adjacent paddock provided further grounds for its rejection. 
(iii) Plot 2A was rejected for reasons of poor design. Collector 
... 
drains servicing the moles in Plots 2 and 3 also affected water 
~ 
table behaviour in Plot 2A. Figure 4.2 depicts the water table 
profiles for two successive days. Conspicuous is the marked 
decline of the phreatic surface near the collector drains -
this despite the full storage c'onditions that prevailed over 
the rest of the plot. 
As a precautionary measure against possible lateral seepage 
parallel to the main ridge, Plot lA was lined with polythene 
sheeting along the interior wall of the collector drain that 
separated Plots 1 and lA. Following this there was no evidence 
to suggest that significant lateral seepage occurred. 
(iv) the hillslope sequence (Plot 4) used in the pilot surveys of 
Chapter 3 was also considered as an experimental control plot. 
However,· because of its location in the adjacant paddock, dif-






FIGURE 4.2 Cross section water table profile showing accelerated decline near collector drains 
on two successive days 
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unnecessary and complicating dimension to this study. For 
this reason, it, too, was rejected. 
4.3 Drainage Sequence 
4.3.1 Hydromorphic Soil Survey 
Hydromorphic indicators can provide an initial impression 
of a soil's hydrologic environment. Soil colour variations and 
the presence/absence of soil concretions have traditionally been used 
to make such inferences. Several researchers have also warned against 
the possible suspect value of such interpretations (Schelling 1960, 
Van Heesen 1970, Simonsen and Boersma 1972). Despite this, it is 
generally accepted that the presence of mottles and/or concretions 
suggestsa past or present reducing environment, generated by alter-
nating wet and dry periods. The greater the period of saturation 
the greater the relative abundance and size of soil concretions. 
Mottles are considered to be an imperfect phase in the development 
of concretions, suggesting drainage impedance that is less severe 
than that required for concretion formation (Blume 1967). 
Table 4.1 summarises the outstanding hydromorphic characteristics 
of three soil profiles surveyed at the mid points of each of the 
three slope segments shown in Figure 4.3. It may be inferred from 
this information that all parts of the hillslope sequence are at 
least periodically subjected to impeded drainage. Distinct mottles 
in the Blg horizon of the crest-slope segment suggests periodic 
saturation up to this level. Mottles are equally apportioned between 
the reduced (SY 6/2) and oxidised (7.5YR 5/6) forms. The presence 
of both mottles and soil concretions in the A;B horizon of the back-
slope site~ could suggest·a downslope deterioration of natural soil 
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TABLE 4.1 Hydromorphic characteristics of the Otokia silt loam. 
Colour variations and soil concretions 
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totally reduced (gley) B2g horizon in the toe-slope profile. This 
field survey revealed that soil concretions were present in only 
some downslope soil horizons. 
Subsequent investigations however, showed otherwise. Soil 
samples (2 kg) were ex~racted from all horizons at each of the three 
sites. Concretions were mechanically washed from the soil in the 
laboratory. The results of a further size analysis are presented in 
Figure 4.4. This shows that: 
(i) concretions are present in all horizons at all sites 
{ii) there is a downslope increase in both size and abundance 
of concretions in the A;B horizon. 
Added to the observed trend that depicts a general downslope reduction 
in both hue and chroma (Table 4.1) these results would suggest the ..... 
likely presence of ~ drainage sequence that increases {n wetness 
from crest to toe. 
A more comprehensive sampling exercise was not considered to 
be worthwhile. Concretions varied in their degree of induration -
hence results derived from the prescribed SPparation technique would 
at best be suspect. 
4.3.2 Subsurface Impermeability 
The diagnostic characteristics of t~e prominent sub-
surface fragipan in yellow/grey earths are well documented (Taylor 
and Pohlen 1970; Bruce 1973; Watt 1972, 1977; Leslie 1980). ~wo 
such features, exceedingly high bulk densities and low permeabilities 
were subsequently tested for and confirmed as being present in the 
study area. Mean densities of the Cx horizon generally exceeded 
3 
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method 1.969) ranged from 0.002 cm/hr for the B horizon to 0.0005 
cm/hr for the Cx horizon (Appendix I Table 1) . 
With such low subsurface permeability, effective soil water 
storage capacities would be restricted .to the upper solum (A and 
AjB horizons) • The discharge of any perched water could only occur 
as an interflow component in a downslope direction. This would give 
rise to an increasingly wet downslope soil water regime. 
4. 3. 3 \'later 'I' able Survey 
4.3.3.1 Preliminary Investigations 
The first surveys were conducted during winter 
1972. They focused on establishing suitable techniques for measuring 
free water in the soil. Initial experiments were conducted on a 
trial and error basis. The presence of near-surface water tables 
could be ascertained by walking over affected areas. Digging pits 
readily confirmed such speculations. For obvious reasons this method 
of surveying water tables did not prove to be suitable as a standard 
research technique. Holes drilled with an auger readily blocked as 
a result of earthworm activity and often collapsed, particularly 
below the water table level. Half metre lengths of 15 mm diameter 
garden hose inserted vertically int.o the ground showed some promise. 
However, blockages by soil and subsurface buckling due to their lack 
of rigidity ultimately led to their being replaced by rigid, metre-
long, laterally perforated P.V.C. tubes. 
for all subsequent water table surveys. 
Ther;e formed the basis 
For the 1973 pilot water table surveys, tHo observation tubes 
were inserted 3 m on either side of each site peg in Plot 1. 
Minimum s&~ple size requirements were computed for each hillslope 
segment. A 95% confidence limit was·imposed and a sampling ~rror (E) 
-' 
of ± 3 em depth to water table was allowed for. The results are 
presented in Table 4.2. By adding a further observation tube at 
each site, sufficient numbers of observations were assured for the 
main w~ter table survey of 1974. 
adjacent to each site peg. 
The additional tube was located 
4.3.3.2 Main Survey Results 
40. 
The main water table survey was conducted between 
July - November 1974. Subsurface water table levels were present for 
the entire period. Mean hillslope water table levels for each 
sampling date are plotted in Figure 4.6. Water table levels ranged 
from 0 em below ground surface (full storage) for several days in late 
July/early August to below 80 em during an abnormally dry September/ 
early October. Sand in the base of the observation tubes prevented 
the measurement of water table levels once they fell below the 80 em 
level. Nevertheless traces of free water were always detectable. 
The full storage conditions referred to above represen·t the only 
periods during which hill slope soil \vater was uniformly distributed. 
The first indications of a water table recession appear in the upper 
crest-slope region. Figure 4.7 shows the progressive decline of 
water table levels during an uninterrupted drying period that spanned 
ten days. This also reveals the comparatively slow decline of water 
table levels in the lower toe-slope area. A surface measure of these 
declining water tables over the same period is presented in Figure 4.8. 
Water table contours generally align themselves parallel to the topo-
graphic contours. Both Figures 4,7 and 4,8 confirm the presence 
of a downslope water table gradient. A departure from the general 
downslope trend occurs in the 'shoulder' area of the crest, where 
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Hillslope drainage sequence. Pilot water table survey - 1973 . 
Sample size determinations 'I' 
CREST-SLOPE BACK-SLOPE TOE-SLOPE 
mean depth required mean depth required mean depth required 
to water table sample to wate:i table sample to water table sample 
(em) size (em) size (em) . size 
32.1 9 17.5 11 2.7. 7 
42.4 26 28.4 6 12.1 14 
45.8 13 32.9 6 19.5 23 
50.1 20 35.4 6 23.3 14 
10.1 4 5.4 1 1.7 2 
47.2 5 35.5 5 24.9 18 
61.9 13 49.7 7 33.4 15 
66.9 2 65.6 2 55.6 27 
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FIGURE 4.8 Hillslope drainage sequence. Patterns of a declining water table 
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Data were stratified into three levels to correspond with the 
slope segments defined in Section 3.1.1. Plotted water table means 
for these segments are presented in Figure 4.9. Each sample was 
subjected to an analysis of variance (Appendix III Table 2) • The 
results confirm the pres~nce of distinct crest, back and toe-slope 
drainage phases. Duncan's new multiple range tests show that apart 
from 'full storage' periods, phase means differ on all occasions 
(p := 0. 01) . 
An examination of the water table data however, suggests the 
likely presence of more than three drainage phases. Reference has 
already been made to the depression in the crest phase segment (Figures 
4.7 and 4.8). Less conspicuous is a 'transition zone' in the upper 
toe-slope segment. Stratification \'<'as achieved by visual inspection 
of hillslope"'water table data (Appendix III 'I'able 1) . As a result 
five drainage phases were proposed. These are identified and labelled 
crest, shoulder, back, concave and toe (Figure 4.10). Each level 
included data from at least two sampling sites. 
boundaries as adjusted for each sampling. 
Table 4.3 shows the 
Figure 4.11 shows that apart from 'full storage' conditions five 
hillslope water table phases are apparent. The analysis of variance 
statistics (Appendix III Table 3) reject the null hypothesis on all 
occasions (p = 0.01). The Duncan's new multiple range tests however, 
suggest that differentiation between respective crest/back and concave/ 
toe phases on statistical grounds is not warranted from early November 
onwards. 
Phase boundaries were fixed by computing a mean site location 
for each (Table 4.4). The ·preceding phase delineation (Table 4.3) pro-



























FIGURE 4. 9 Hillslope drainage sequence. 
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TABLE 4.3 Hi11s1ope drainage sequence. Stratification adjusted for each sample 
Boundary Boundary Boundary Boundary 
Sampling CREST SHOULDER BACK CONCAVE TOE 
date (Site No) (Site No) (Site No) (Site No) 
2. 8.74 4 7 20 22 
7. 8.74 4 6 19 23 
10. 8.74 4 6 20 25 
14. 8. 74 3 6 20 24 
16. 8.74 3 6 22 24 
19. 8.74 3 6 19 25 
22. 8.74 3 6 21 24 
28. 8.74 3 6 20 24 
30. 8.74 3 6 23 26 
4. 9.74 2 7 20 23 
8. 9. 74 2 6 21 24 
12. 9.74 3 6 20 24 
15. 9.74 2 6 18 25 
21. 9. 74 2 6 24 26 
11.10. 74 4 6 20 24 
14.·.10.74· 4 7 18 26 
17.10.74 4 6 20 23 
22.10.74 4 6 18 24 
24.10.74 4 6 20 25 
1.11.74 4 7 20 24 
2.11.74 4 7 20 24 
3.11. 74 4 7 20 24 
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TABLE 4.4 Hillslope water table phases - Fixed boundaries 
site No Site No 
CREST I SHOULDER I BACK 
PHASE I PHASE I PHASE 
I I 
mean phase t + 
boundaries 3.2 6.4 
standard error of 
mean phase site 0.2 0.21 
revised water . 
table phases 1-3 4-6 7-20 
(Site Nos) 
Original segment boundaries 
(Site Nos) 




























stratification continues to reject the null hypothesis for all 
sampling occasions (p = 0.01). Differences between the two methods 
.do emerge: F-statistic values are generally lower for the fixed 
phase stratification (Table 4.5). The associated Duncan's new 
multiple range tests s~ggest that the .merging of several phase means 
commences by mid-October (Appendix III Table 4) . As spring pro-
gresses only three drainage phases are statistically recognisable -
the shoulder, back and toe. Mean water table levels in the crest 
are shown to be similar to those in the back-slope phase. However 
because of its relative position on the slope, the crest must continue 
to be regarded as a distinct drainage phase within the overall hill-
slope sequence. 
4.4 Hillslope Trampling Sequence ... 
4.4.1 Bearing~apacity Pilot Survey 
This survey followed a pattern similar to that devised 
for the hillslope water table survey.· In this instance five 
observations were recorded across the slope at approximately 4 m 
intervals to include each site peg as shown in Figure 4.12. As for 
the water table survey, the hillslope was stratified into crest, back 
and toe-slope segments. Sample size requirements were computed for 
each. Prescriptions were set at 95% C.L. with a perntissible·sampling 
2 
error (E) of 0.5 kg/em . 
Minimum sample size requirements are presented in Tables 4.6 
and 4.7. For the main su:::vey of 1974 an overall adjustment to the 
pilot design included ten observations per site per treatment as shown 
in Figure 4.12. This exceeded the minimum number of observations. 
required fQ.r a!ly hillslope segment. 
i· 
46. 
TABLE 4.5 Hillslope drainage sequence -water table 
stratification. 
Two methods compared 
(a) sample-adjusted (b) fixed 
stratification stratification 
Sampling date F-statistic F~statistic 
2. 8.74 180.88 124.09 
5. 8.74 148.87 111.88 
10. 8.74 206.12 189.75 
14. 8.74 322.63 322.63 
16. 8.74 160.99 144.55 
19. 8.74 380.35 332.69 
22. 8.74 258.05 258.05 
28. 8.74 227.98 227.98 
30. 8.74 211.33 190.89 
4. 9.74 311.48 150.68 
8. 9.74 178.64 142.69 
12. 9.74 148.38 148.38 
21. 9.74 208.69 179.24 
11.10. 74 141.63 111.58 
14.10.74 171.17 95.65 
17.10.74 78.88 39.34 
22.10.74 99.91 65.31 
24.10.74 121.11 61.26 
1.11. 74 58.84 46.11 
2.11.74 77.79 41.70 
3.11.74 . 84.74 40.36 
FIGURE 4.12 Hillslope bearing capacities. Plan of sampling design . 
Plot site pegs 
~ 
0 X 0 X CD X 0 X 0 
.... 
~o X 0 X ® X 0 X 0 
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TABLE 4.6 Hillslope trampling sequence. Bearing capacity pilot survey 1973. 
Sample size determinations (CONTROL) 
Date CREST BACK TOE 
mean required mean required mean required 
bearing sample bearing sample bearing sample 
capacity size capacity size capacity size 
(kg/cm2 ) (kg/cm2 ) (kg/cm2 ) 
5.5.73 9.7 40 7.8 29 6.8 49 
25.5.73 8.4 50 6.1 40 4.9 25 
23.6.73 10.4 20 8.5 20 6.7 29 
3.8.73 8.4 36 7.0 40 5.8 37 
6.9.73 8.7 37 5.2 20 4.4 11 
Minimum sample 
size: 50 40 49 
~ 
-.J 
·j ,_ -, -r 
TABLE 4.7 Hillslope trampling sequence. Bearing capacity pilot survey 1973. 
Sample size determinations (DRAINED) 
Date CREST BACK TOE 
mean required mean required mean required 
bearing sample bearing sample bearing sample 
capacity size capacity size capacity size 
(kg/cm2) (kg/cm2) (kg/cm2 ) 
5.5.73 11.9 65 9.9 38 8.7 52 
25.5.73 10.9 70 9.3 47 8.2 53 
23.6.73 10.6 49 9.6 65 9.3 50 
3.8.73 10.0 43 9.6 48 7.9 44 
6.9.73 9.1 51 8.8 40 8.7 33 
Minimum sample 
size: 70 65 53 ~ 
OJ 
49. 
4.4.2 'Main Survey - Analysis and Results 
Sampling cownenced in early June 1974 and continued 
through to November at approximately fortnightly intervals. Where 
possible, sampling was timed to coincide with breaks in prevailing 
weather patterns - be they dry or wet. 
The results of hillslope stratification using previously defined 
slope segments as a basis are plotted in Figure 4.13. Between-strata 
differences seem apparent on all sampling occasions. The analysis 
of variance statistics and associated Duncan's new multiple range tests 
), 
(Appendix IV Table 3) confirm this observation (p = 0.01). Bearing 
capacities generally decline from crest to toe. In the crest phase, 
bearing capacities fail to reach the previously defined "stability 
index" of 4 kg/cm
2 
(Section 3.3) on only one occasion. From the 
appearance~af the first water table levels in late July both back 
and toe-slope phases consistently fail to reach this criterion. 
Stratification based on the five water table phases recognised 
in Section 4.3.3.2 produced results that are plotted in Figure 4.14. 
~vi thin-sample means appear to differ from each other. The Duncan's 
new multiple range tests show however, that differences in the means 
between respective crest/shoulder and toe/concavity are not signifi-
cant on any occasion (p = 0.01) - a three phase hillslope trampling 
sequence persists. 
A comparison of hillslope bearing capacity values and water table 
levels at the three phase level revealsa marked degree of interdepen-
dence. Figure 4.15 shows that increases in depth to v1ater table are 
mirrored by corresponding increases in bearing capacities. A 
regression analysis of all .bearing capacity/water table data further 
supports this observation. . . . ( 2) However, a correlat1on coeff1c1ent r 
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criterion in Section 3.2.1. It would also appear from Figure 4.16 
that respective regressions differ quite markedly from each other. 
This is confirmed by statistical tests which indicate that regression 
intercepts and slopes both differ from each other (p = 0.01). Not-
able, however, is the crossover that occurs at about the 40 em depth 
to water table. Respective mean bearing capacity values at this 
water table level do not differ significantly (p = 0.01). This 
suggests that the 40 em drainage criterion established under controlled 
trampling experiments is also achieved under normal grazing manage-
ment. The prime difference between the two treatments occurs at 
high water table levels. Differences in respective grazing densities/ 
management and observed sheep preference for the drier, better drained 
slopes would probably explain much of this. 
Artificial subsurface drainage does not eliminate the hillslope 
treading sequence - it continued to persist throughou·t the sampling 
period. Bearing capacities continued to be highest in the crest and 
lowest in the toe (Figure 4.17). The analysis of variance (Appendix 
IV Table 4) continues to recognise the presence of distinct phases 
(p = 0.01) although F-stat1stic values are considerably lower than 
their control treatment counterparts. The Duncan's new multiple 
range test shows that on several occasions only two phases can be 
recognised - the crest and the back/toe combined. Both Figure 4.17 
and Table 4.8 show that the crest phase mean is consistently above 
2 
the drainage criterion's stability index of 4 kg/em • Further down-
slope, values fall marginally below this on only two occasions. 
A comparison between drained and undrained treatments reveals 
that drained phases are generally. firmer·. Apart from this obser-
vation, no consistent patterns between the two emerge. For instance, 
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FIGURE 4.16 Trampling effects compared. 
Hillslope trampling treatment versus drainage criterion treatment 
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TABLE 4.8 Hillslope trampling sequences compared- Drained versus Undrained. 
Mean phase bearing capacities 
l'2 
(kg/em ) 
Sample Total slope Crest phase Back phase Toe phase 
date i 
control drained control drained control drained control drained 
4. 6. 74 5.6 6.4 6.9 7.3 5.1 6.3 4.6 5.7 
4. 7.74 5.4 5 .. 6 6.5 5.9 5.0 5.5 4.6 5.2 
17. 7.74 4.4 4.9 5.4 5.8 4.3 4.8 3.5 4.2 
2. 8. 74 2.7 3.7 3.4 4.1 2.5 3.6 2.2 3.5 
16. 8.74 3.6 5.0 4.7 5.8 3.4 5.0 2.7 4.2 
30. 8.74 3.1 3.9 4.4 4.2 2.9 3.8 2.1 3.6 
14.10.74 4.1 6.5 5.3 6.9 4.1 6.5 3.0 6.1 
2.11. 74 3.8 7.7 5.2 8.5 3.6 7.2 2.6 7.2 V1 
t-' . 
52. 
in the undrained crest phase (Appendix IV Table 5). On other 
occasions this phase registers lower mean values than the drained 




Depth to water table level has been shom1 to have a significant 
influence on sheep trampling effects on the Otokia silt loam: 
(i) at surface or near surface water tables there is a 
significant decline in both soil density and bearing 
strength - the soil acquires a puddled appearance; 
(ii) from about the 10 em depth, both density and bearing 
(iii) 
capacities increase. Maximum values are achieved 
at the 40 em depth to water table. They remain 
unchanged with further declines in water tables - hence 
the stability index; 
trampling also affects surface soil water holding 
C?pacities. Significant reductions occur when trampled 
at high water contents. The converse is true at 
increased depths to water tables. 
The use of changes in slope trend to delineate the slope segments 
of a convex-concave hillslope sequence provided a useful framework 
for identifying the major phases of the hillslope drainage sequence. 
Further refinements to phase identification are possible through the 
stratification of hydrologic data. This yielded a drainage sequence 
of four permanently-sited water table phases; crest, shoulder, back 
and toe. 
54. 
Under normal grazing management, the drainage criterion and 
its ramifications is sustained ·- the strong correlation between 
depth to water table and surface bearing capacities persists. There 
is however one notable exception: at the phase level, the shoulder 
is consistently the driest. Yet a corresponding maximum bearing 
capacity phase fails to emerge. 
There is little support for the idea of artificial drainage 
on a partial area basis. Despite the generally lower water table 
levels in the crest and shoulder phases, 'full storage' conditions 
are not rare. Tra~pling during these periods would constitute an 
unnecessary risk to both soil and pasture. 
The implementation of mole and tile drainage clearly vindicates 
the drainage criterion. Trampling on these soils results in 
improved traffickability and increased soil water storage capacities 
v1hich probably promote improved pasture growth. In practical 
terms it is an easily installed system of artificial subsurface 
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